This paper presents an enhanced control strategy for Wind Energy Conversion System (WECS) using Doubly-Fed Induction Generator (DFIG). A robust Super-Twisting (STW) sliding mode control for variable speed wind turbine is developed to produce the optimal aerodynamic torque and improve the dynamic performance of the WECS. The electromagnetic torque of the DFIG is directly tracked using the proposed control to achieve maximum power extraction. The performance and the effectiveness of the STW control strategy are compared to conventional Sliding Mode (SM) and Proportional-Integral (PI) controllers. The proposed STW algorithm shows interesting features in terms of chattering reduction, finite convergence time and robustness against parameters variations and system disturbances.
Introduction
Over the last decade, wind energy has taken an increasingly important place in the field of electric energy generation. This kind of energy source is developed due to the global growing of electricity demand and the trend towards renewable and non-polluting energy sources in the world [1] . Indeed, in wind energy conversion system (WECS), the maximum wind power could be extracted when the tip-speed-ratio of the turbine is maintained at its optimum value for different wind speed patterns [2] . Thus, it is necessary to develop more advanced control strategies for WECS. To this end, several control methods have been designed and implemented for wind energy generation such as, vector control which is based on voltage and flux oriented vector using the d-q rotating frame to decouple the active and reactive power, [3, 4] . In fact, this strategy is sensible to parameters variations of the system such as resistance and inductance variations. To overcome this problem, direct torque control (DTC) has been introduced by [5, 6] to directly control generator torque and stator flux using a predefined lookup table based on the estimation of the stator flux and electromagnetic torque. Direct power control (DPC) proposed in [7] , has used the same concept of the DTC method. DPC control strategy is based on decoupling and direct control of reactive and active power [8] . In fact, the non-linear behaviors of mechanical and electrical parts of WECS as well as variations of electromechanical parameters represent crucial problems [9] . In addition, wind turbine (WT) works under high wind speed variations, which makes its control a serious challenge [10] . As result, several nonlinear control techniques have been developed in the literature for WT, such as fuzzy logic [11] , neural networks [12] , and high-order sliding mode control [13] .
Currently, most WECS use Double feed induction generator (DFIG). This is due to many advantages such as variable speed operation of the generator (± 30% around the synchronous speed), decoupling between active and reactive powers, maximization of energy generation and competitive price [1] . But, DFIG is subjected to many constraints, such as the effects of parametric variations and the disturbance of the wind speed, which could deviate the system from its optimal operation point. Many control techniques of the DFIG have been presented with different control schemes. The conventional Proportional-Integral (PI) controller, although widely used in many control applications [14] , requires adjustment for every change in reference patterns. Another main disadvantage of this controller is its sensibility to external disturbances and parameters variations. Because of the frequent uncertainty in wind speed variations, this type of conventional controller fails to give quality power generation and tracking references given by an MPPT. Predictive control based on rotor voltage and stator power equations for direct power control, is proposed in [15, 16] . Nevertheless, the calculated output reactive and active power which depend on the generator parameters as well as the time calculation, are the main drawbacks of this method [17] . In addition, internal uncertainties and external disturbances produce serious oscillations of the WECS. To ensure the robustness of the system against parametric variations and external disturbances, the authors in [18, 19] have introduced sliding mode control (SMC). In fact, SMC could achieve active and reactive power tracking and improve the dynamic.
behaviour of the WT [20] . Second order sliding mode control (SOSMC) could guarantee the same performance of classical SMC with its ability to overcome the chattering problem [21] . The main contribution of this paper, which deals with WECS based on DFIG, consists in developed and compared the performances and the robustness of three types of controllers for the DFIG with aerodynamic torque estimation. In this paper, a high order SMC is used to improve the dynamic performances of WECS by producing the required electromagnetic torque under different wind speed patterns. The desired DFIG torque is directly tracked to achieve maximum power extraction. In order to prove the robustness performance of the proposed controller, its dynamic behaviour is compared with the conventional Sliding Mode (SM) and Proportional-Integral (PI) controllers under high wind speed variations. The simulation results show that high order SMC is an interesting method to control WECS based on DFIG.
This paper is organized as follow: Section 2 recalls a short overview of first order sliding mode control and second order sliding mode control. In the Section 3, we present the structure of wind energy conversion system then the modelling of turbine and the double feed induction generator. In the first part of Section 4, we present the estimation of the aerodynamic torque. In the second part of Section 4, we describe the control of the aerodynamic torque. In Section 5, we interest to the control of DFIG. In this context, we compare three types of controllers such as PI, sliding mode control and second order sliding mode control. Finally, Section 6 shows the simulation results of the proposed system.
Sliding mode control strategy

First order sliding mode control
Sliding mode control is a powerful nonlinear control, which has been analyzed by many researchers. The sliding mode control law includes two main parts [22] :
V eq is called equivalent control and V n is known as switching control signal.
We consider the following sliding surface, [23] :
where, e = X d − Xis the error of the signal to be adjusted, λis a positive coefficient and n is the system order.
The main target in this methodology is to keep S(X) = 0 and _ SðXÞ ¼ 0. The reaching condition is given by the following equation:
Second order sliding mode control
As well known, classical sliding mode method generates undesirable chattering effect which can be harmful for the system, SOSMC can only attenuate this problem. Therefore, Super-Twisting (STW) strategy is nowadays preferable over the classical siding mode, since it eliminates the chattering phenomenon. Let us consider the following nonlinear system
where,f(t, S)is an unknown bounded perturbation term, with |f(t, S)| < δ|S| 1/2 for some constant δ > 0. The STW sliding mode control for perturbation and chattering elimination is given by the next algorithm:
where, a 1 anda 2 are fixed gains. From Eqs. (4) and (5), we can deduce
The stability analysis of system (6), can be proved using the following Lyapunov candidate function
To guarantee _ V < 0 , the controller gains must satisfy the following conditions, [24] .
The controller gains a 1 and a 2 are designed in order to fulfill the previous conditions and to ensure low content of high frequency components in the control. Indeed, a high gains values can lead to high chattering effects and poor performance.
System description
The most popular configurations of Wind Energy Conversion Systems (WECS) use the DFIG, as shown in Fig. 1 . In this configuration, the wind turbine rotates with variable wind speed. It converts first the kinetic power into mechanical power then into electrical power through the generator (DFIG).
The expression of the aerodynamic power is given by the following Eq. [8] :
where, ν, R, C p (λ) denotes respectively the wind speed, the radius, and the power coefficient of the turbine. The tip-speed ratio is defined as follows:
The extraction of aerodynamic power depends mainly on the available wind speed, the characteristic power curve (C p ) and the capacity of the wind turbine to respond to the changes in wind speed, as shown in Fig. 2 .
The generator is coupled to the turbine through a gearbox whose ratio is given by the following equation:
The overall mechanical dynamics of WECS brought back to the turbine, which is represented by Fig. 3 , can be expressed by the following equation [25] :
.
where, J, K and T em respectively represent the overall inertia of WECS, the overall external damping of WECS and the electromagnetic torque of the generator.
DFIG modelling
Fig. 1 WECS configuration based on DFIG The electrical model of the DFIG in the d-q frame linked to the stator rotating field is given by the system (12), [26] :
The flux linkages are given by system (13):
The electromagnetic torque, active and reactive power developed by the DFIG can be expressed the following equations:
By using the field oriented control approach and neglecting stator resistance, we obtain, [27] :
and
Then, the active and reactive powers can be expressed as:
The expression of electromagnetic torque becomes:
Control of the turbine
In order to extract the wind energy, while ensuring the safety, the WT must operate in the second or third zone, as shown in Fig. 4 .
The machine starts to work when the mechanical speed exceeds a certain speed ν cut − in . The main operating area can be distinguished as follows:
Zone 1: In this area, the WT is unable to generate any power. Zone 2: This zone is limited by ν cut − in and ν rated . In this area, the WT can operate with its maximum power coefficient C pmax . Zone 3: The WT produces the rated power. Beyond ν cut_off , an emergency device is activated to avoid damaging the system.
To ensure maximum efficiency of the WT, the power coefficient must be maintained at its maximum value in order to reach the optimal torque, which is given by the following equation:
where,
The major problem of standard law is mainly the determination with accuracy the value of k opt since λ opt change significantly over time. To achieve WT power efficiency maximization, rotor speed should track the reference given by the optimum speed ratio, under variable wind speed and unknown aerodynamic torque. The wind speed variation would lead to aerodynamic power fluctuation and high mechanical effort, which results in less energy capture and poor performance in terms of active power generation. In the following, a second order sliding mode control (SOSMC) with aerodynamic torque observer is proposed.
Torque estimation
Aerodynamic torqueT a (t)in Eq. (11), depends on the knowledge of the torque coefficient which is a difficult task to be achieved and not always available [28] .
In this sense, an aerodynamic torque T _ a ðtÞ observer based on STW algorithm is used, [21] : 
where a 1 and a 2 are fixed gains. The observation error is defined as follows:
We assume that term T a (t) and its derivative are bounded with a known boundary which satisfies the following condition:
where, Ψ 1 is a positive constant. Thus, we have
where, a 1 anda 2 verify the following inequalities:
Thus, we can guarantee the convergence of σ 1 and its derivative to zero in a finite time t F ..
Aerodynamic torque control
In this section, our control objective is to achieve maximum power extraction while maintaining the security regime of the WECS, as illustrated in Fig. 4 by converging T _ a to T opt . We consider the following tracking error:
The derivative of Eq. (25) is:
Then, we define the following functions:
We assume that B(Ω r , t) is bounded, B(Ω r , t) ≺ Ψ 2 where Ψ 2 is a positive constant.
Thus, Eq. (26) can be written as follows:
We consider the following STW algorithm based on second order sliding mode approach, given by the following equations:
where gains b 1 and b 2 satisfy the following inequalities:
In this section, we have proposed a robust control strategy of the WT with aerodynamic torque estimation to achieve maximum power extraction. In the next section, we will tackle the control of the electrical part of our system (DFIG).
Control of the DFIG
In this section, we will interest in the control strategy of the generator, as shown in Fig. 5 . In this sense, three types of controllers are developed and compared namely PI, first order SMC and SOSMC, for the DFIG.
Based on Eqs. (13), (15) and (17), the reactive power can be written as follows:
The reference current I rd, ref can be deduced from Eq. (31) by keeping the desired reactive powerQ = 0.
The main objective is to maximize wind power generation by reaching optimal torqueT ref .
However, we need to use two controllers. The first is placed in the d axe to keep the reactive power at zero, the second is placed in the q axe to obtain the optimal torque.
Let's consider the following errors:
PI controller
By applying the field oriented control approach to the DFIG, the equations along the two axes d and q will be decoupled by compensating the coupling terms.
The closed-loop control scheme diagrams along the d and q axes are similar. They are given by the following figures:
The parameters of the PI controller, K p and K i , can be computed using pole compensation approach. However, it is important to specify that the pole compensation is not the only method to compute the PI parameters. The calculation of the controller parameters must compensate the most dominant pole of the transfer function.
Let's consider the case of I rd control as shown Fig. 6 whose open loop transfer function is written as follows:
To eliminate the zero of the transfer function, we choose:
Then, Eq. (34) becomes:
The closed loop transfer function is expressed by:
Hence, we can deduce the gains of the PI current regulator:
Similar development can be done for T em control, Fig. 7 . The time response of the controlled system is fixed atτ = 5ms. In fact, this value is sufficient in WECS applications.
As we can see, the gains of the controller K p and K i , are directly calculated in function of DFIG parameters, if these parameters are varying in time, the robustness of the whole system can be affected. 
Sliding mode control
In our case, we use two sliding surfaces which are defined as follows:
The derivative of (39):
Substituting _ I rd and _ T em by their expressions in Eq. (16), Eq. (40) can be rewritten as:
During the sliding phase, in stable state, we have:
Based on system (41) we can compute the equivalent control laws V eq rd and V eq rq .
Using reached condition in (43), we can deduce:
The discontinuous term V n contains a "sign" function in its expression, which involve the appearance of the chattering phenomenon, characterized by large oscillations around the sliding surface S [22, 23] . To minimize the undesirable chattering effect, we replace the function "sign" by a saturation function "sat". Hence, V n can be written as follows:
Then, the global control law is written as:
First order sliding mode technique can cope with system uncertainty and improve the performance of the system However, it generates undesirable chattering due to its discontinuous control V n .
Second order sliding mode control
An effective method to overcome the Chattering problem is to use a high order sliding control, Fig. 8 . In fact, a control order n acts on n derivatives. This feature helps mitigate the effect of chattering while preserving the robust properties of the sliding mode approach [29, 30] .
However, the implementation of an n order controller requires the knowledge of "n-1" consecutive time derivatives of the sliding surface, _ S; € S; ::S ðn−1Þ : STW strategy presents an exception since it needs only information on sliding surface S. Hence, the complexity of the controller is reduced.
The error system and its derivative are given by Eqs. (34) and (36) respectively.
Let consider the functionsG 1 andG 2 as follows:
We assume that G 1 and G 2 are bounded functions that satisfy the following conditions:
where, q 1 , q 2 are positive constants. Then, we can write:
The STW control laws are:
where V rd controls the reactive power through the current I rd and V rq controls the active power through the electromagnetic torque T em . By substituting the expression of V rd in system (51) into (50), we obtain:
The proof of the stability analysis of system (52) takes place in two stages: In the first step, we will rewrite system (52) in a more convenient form for the Lyapunov analysis by introducing the following new vector:
We can easily deduce the derivative of Eq. (53):
From Eqs. (49) and (53), we get:
withδ 1 (x, t) is a bounded function so that: 0 < δ 1 (x, t) ≤ q 1 . System (54) becomes: Fig. 9 Wind speed profile (m/s) Air density (kg.m3) ρ = 1.225
Gear reduction ratio n g = 73
Stator resistance (Ω) R s = 12e
Rotor resistance (Ω) R r = 21e
Stator inductance (H) L s = 13.7e
Rotor inductance (H) L r = 13.67e
Cyclic inductance (H) M = 12.2e
Pole pairs n p = 2
Then, we can write:
where
In the second step of the proof, the stability analysis of Eq. (52), can be proved using Lyapunov approach.
Let's consider the following candidate Lyapunov function:
with P is a symmetric positive definite matrix which is a solution of the following equation:
The derivative of Eq. (58) is:
By choosing matrix P as follows:
where,λ o andεare positives constants. We can write:
where Q is a symmetric matrix:
If the controller gains satisfy the following inequalities: 
Then, Q ≻ 0, implying that the derivative of the Lyapunov function is negative:
Similar development can be used in the case V rq to prove the stability and the convergence of sliding surfaceS 2 to zero.
Simulation results and discussion
In this section, the simulation study has been carried out using MATLAB environment with variable wind speed profile from 8 to 13 m/s. The generator is performed with PI regulators, SMC and STW algorithm respectively. Two types of tests have been fulfilled to evaluate the reference tracking performance and the robustness of the control. Wind turbine and DFIG parameters are summarized in Table 1 .
■ Reference tracking:
The wind speed is composed of several patterns which vary from 8 to 13 m/s as shown in Fig. 9 . Through this first test we will evaluate the performance of STW control of the turbine. Also, we compare the responses of three types of controllers applied to the DFIG. Figs. 12 and 13 show an overshoot, high current ringing during torque variation and some dynamic errors. Simulation results with first order SMC given in Figs. 14 and 15 present a good reference tracking and transient performances without any specific overshooting or dynamic errors compared to PI controllers. However, it is also observed that SMC generates undesirable chattering due to its Figures 18 and 19 , present the stator active power of the DFIG with SMC and STW respectively, we can deduce the performance of STW strategy and the negative effect of chattering of conventional SMC on the quality of the generated power in steady state. ■ Robustness tests The robustness of STW algorithm during static and transient regimes will be checked through this test with DFIG parameters variations. Rotor resistance and mutual inductance of the machine may change due to variation in the permeability of the stator and rotor under different operating conditions. Therefore, those variation should be considered in order to evaluate the robustness of the controller: rotor resistance and mutual inductance are varied ±50% from their nominal values, as shown in Fig. 20 . We can observe the effect of DFIG parameter variations on the power generation in Fig. 21 . The effect of this variations are more important on PI controller with high overshooting while there are no perturbations with STW algorithm. Hence, we can conclude the robustness of the STW algorithm and its performance compared to the two others controllers in this work.
Conclusion
This paper describes a robust control based on sliding mode for aerodynamic torque estimation to maximize wind energy extraction for a variable speed wind turbine. Three different controllers for the DFIG are developed and compared, in term of current and electromagnetic torque reference tracking and robustness. When the wind speed is varied, the effect on rotor direct current (control the reactive power) and electromagnetic torque (control the active power) values are much important with PI than SMC while it is without effect with STW control.
Although deceptively simple, PI control strategy has serious drawbacks that make it unsuitable for many practical applications. The comparison done in this work shows the limits of this controller with sensitivity to parameter variations and transient response, under high wind speed variations which can have negative effects on the quality and the quantity of the generated power. The results presented show that a sliding mode control method can be an interesting solution for system based on DFIG configuration for wind power conversion. However, chattering effect remains a significant problem with this technique. The obtained results show that STW strategy effectiveness is more attractive in terms of power extraction maximization, energy quality and higher accuracy, compared to more traditional techniques PI and classic SMC. Authors' contributions SB as a corresponding author, contributed significantly to analysis, manuscript preparation and manuscript submission. HA, AEh and MC as supervisors helped to perform the study analysis with constructive discussions, professional advice and revised the manuscript. All authors read and approved the final manuscript.
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